[1] Recent advances in computational petrological modeling provide accurate methods for computing seismic velocities and density within the lithospheric and sub-lithospheric mantle, given the bulk composition, temperature, and pressure within them. Here, we test an integrated geophysical-petrological inversion of Rayleigh-and Love-wave phase-velocity curves for fine-scale lithospheric structure. The main parameters of the grid-search inversion are the lithospheric and crustal thicknesses, mantle composition, and bulk density and seismic velocities within the crust. Conductive lithospheric geotherms are computed using P-T-dependent thermal conductivity. Radial anisotropy and seismic attenuation have a substantial effect on the results and are modeled explicitly. Surface topography provides information on the integrated density of the crust, poorly constrained by surface waves alone. Investigating parameter inter-dependencies, we show that accurate surface-wave data and topography can constrain robust lithospheric models. We apply the inversion to central Mongolia, south of the Baikal Rift Zone, a key area of deformation in Asia with debated lithosphere-asthenosphere structure and rifting mechanism, and detect an 80-90 km thick lithosphere with a dense, mafic lower crust and a relatively fertile mantle composition (Mg# < 90.2). Published measurements on crustal and mantle Miocene and Pleistocene xenoliths are consistent with both the geotherms and the crustal and lithospheric mantle composition derived from our inversion. Topography can be fully accounted for by local isostasy, with no dynamic support required. The mantle structure constrained by the inversion indicates no major thermal anomalies in the shallow sub-lithospheric mantle, consistent with passive rifting in the Baikal Rift Zone.
Introduction
[2] The thermal and compositional structure of the lithosphere-asthenosphere system holds essential keys to our understanding of the dynamics and evolution of the lithosphere, the nature of the coupling between the lithosphere and the sub-lithospheric upper mantle, and the relationship between the Earth's surface features and deep seated processes. The physical properties of the lithosphere can be inferred from seismic observations, as seismic velocities within the lithosphere depend on the temperature, pressure and composition of the rocks at depth [e.g., Afonso et al., 2008; Cammarano et al., 2003; Duffy and Anderson, 1989; Goes et al., 2000; Stixrude and Lithgow-Bertelloni, 2005] .
[3] The lithosphere-asthenosphere boundary (LAB) separates the outermost, cold, relatively rigid layer of the Earth (lithosphere) from the warmer, rheologically weaker sub-lithospheric mantle. It has been proposed that the asthenosphere, in contrast to the lithosphere, may undergo widespread partial melting, or contain much more water than the lithosphere [e.g., Anderson and Sammis, 1970; Hirth and Kohlstedt, 1996; Karato, 2012; Kawakatsu et al., 2009; Schmerr, 2012] . The depth and sharpness of the LAB have been investigated using various proxies: changes in seismic velocity, seismic radial anisotropy, electrical resistivity, composition and temperature [e.g., Deschamps et al., 2008; Eaton et al., 2009; Endrun et al., 2011; Fischer et al., 2010; Gung et al., 2003; Kind et al., 2012; Muller et al., 2009; Plomerová et al., 2002; Rychert and Shearer, 2009; Romanowicz, 2009; Yuan and Romanowicz, 2010] . In this paper, we first adopt a LAB definition based primarily on the distribution of temperature with depth, and then discuss the implications of our results for the seismic visibility of the LAB.
[4] Seismic surface waves are particularly sensitive to the structure of the lithosphere. Inversions of surface-wave measurements have long been used in order to constrain the shear-velocity structure, thickness and thermal state of the lithosphere [e.g., Boschi et al., 2010; Brune and Dorman, 1963; Lebedev et al., 2009; Priestley and McKenzie, 2006; Shapiro and Ritzwoller, 2004] . Surface waves at different periods sample the crust and upper mantle differently, with longer periods being more sensitive to deeper structure (see auxiliary material).
1 Accurate surface-wave phase-velocity curves extending over a broad period range have substantial sensitivity to the depth of the shearspeed reduction near the bottom of the lithosphere [Bartzsch et al., 2011] . However, they are weakly sensitive to the width and the fine structure of the LAB, which contributes to the non-uniqueness of seismic-velocity and thermal models inferred from surface-wave inversions. Introduction of a priori constraints into seismic data inversions has been used as one way to reduce the non-uniqueness and narrow down the ranges of acceptable models [Deal and Nolet, 1996; Shapiro and Ritzwoller, 2004] . [5] Surface waves are less sensitive to density than they are to seismic velocities at depth. In order to constrain the density distribution within the lithosphere, inversions of surface-wave data need to incorporate additional information such as surface topography.
[6] The advantages of combining potential fields, topography and seismic data to image the Earth's interior have been recognized by several authors [e.g., Deschamps et al., 2002; Forte and Perry, 2000; Forte et al., 2010; Perry et al., 2003; Simmons et al. 2010] . Integrated geophysical-petrological modeling of physical properties of the rocks at depthand, from those, of different geophysical observables -offers a way to combine different data sets into a single, unified, internally consistent framework [e.g., Afonso et al., 2008; Cammarano et al., 2009; Connolly, 2005; Fullea et al., 2010 Fullea et al., , 2011 Khan et al., 2009 Khan et al., , 2011 , reducing the uncertainties associated with modeling the observables separately. Importantly, errors associated with the geophysical-petrological modeling itself (including those due to uncertainties in mantle composition and seismic attenuation or radial anisotropy) must now be evaluated. If these errors can be taken into account, and if sufficiently accurate data are available, then the integrated modeling can reproduce the lithospheric geotherms with high radial resolution, while also constraining the density and composition of the crust and mantle. [7] In this paper, we test a coupled geophysicalpetrological inversion of fundamental-mode, Rayleighand Love-wave dispersion curves and topography data, with supplementary constraints from surface heat flow, crustal seismic models and xenolith data, for one-dimensional structural profiles. The signal of the lithosphere-asthenosphere structure in phasevelocity data is very subtle [Bartzsch et al., 2011] . An accuracy of a few tenths of per cent in the phase velocity value is required in both the measurements and the inversion. Currently, sufficiently accurate surface-wave measurements are becoming increasingly available. The focus of this paper is on the relationship between data and the physical structure of the lithosphere. We examine in detail the factors that affect the accuracy of the data-model relationship, including uncertainties in attenuation, radial anisotropy and mantle composition, and introduce, as a proof of concept, a simple grid-search inversion of surface-wave data for the thermal and compositional structure of the lithosphere.
2. Baikal-Central Mongolia Region 2.1. Geological Background [8] Central Mongolia is located south of the Archaen-Paleoproterozoic Siberian Craton and the continental Baikal Rift Zone (Figure 1 ). Central Mongolia and the Transbaikal domains were formed by the Phanerozoic assemblage of different terrains (Precambrian micro continents, island arcs, continental marginal basins and oceanic crust) and now undergo moderate active deformation, likely related to the India-Eurasia collision [e.g., Calais et al., 2003 ].
[9] The nature of the neighboring Baikal Rift Zone has been characterized as either "active" or "passive," according to different interpretations of geological and geophysical observations [e.g., Sengör and Burke, 1978] . Authors in favor of the "active" Figure 1 . Baikal-central Mongolia region. The surface-wave dispersion curves used in our analysis are averages along the corridor between seismic stations Talaya (TLY) and Ulaanbaatar (ULN), depicted as red triangles. Cenozoic volcanic fields [Kiselev, 1987] are shown as black areas.
hypothesis suggest, on the basis of the interpretation of gravity, deep seismic data and tomography models, the existence of a large scale mantle upwelling that gives rise to a thermal anomaly beneath and near the rift axis [e.g., Gao et al., 2003; Logatchev and Zorin, 1987; Zhao et al., 2006; Zorin, 1981] . Those in favor of the "passive" model invoke, on the basis of the interpretation of similar data sets, passive and localized sub-lithospheric upwelling driven by tectonic, plate-scale forces [e.g., Molnar and Tapponnier, 1975; Petit and Déverchère, 2006; Ruppel, 1995; Tiberi et al., 2003] in the context of inherited weak lithospheric zones and the strong and cold Siberian Craton [Burov et al., 1994] . Here, we apply our integrated geophysical-petrological analysis in order to constrain the lithospheric architecture and determine whether a lithospheric or uppermost sub-lithospheric mantle thermal anomaly is present in the vicinity of the Baikal Rift.
[10] The volcanism in Mongolia and the Transbaikal area comprises mainly alkali olivine basalts with subordinate olivine tholeiites and basanites. The volcanic fields are characterized by the relatively low volume erupted, a widespread spatial pattern (Figure 1 ), and the lack of age progression within the volcanic provinces [e.g., Barry et al., 2003; Ionov, 2002] . Mantle xenoliths from basaltic volcanic areas in Mongolia typically include mediumto coarse-grained spinel and garnet lherzolites with relatively fertile major-element compositions (i.e., Mg# = 89.7-90.2, see Table 1 ) [e.g., Barry et al., 2003; Ionov, 2002] . In contrast, xenoliths from kimberlite pipes within the Siberian Platform show a relatively depleted composition (i.e., Mg# = 90.8-92.3, see Table 1 ) [Boyd et al., 1997; Ukhanov et al., 1988] .
Geophysical Background
[11] Regional, broadband, phase-velocity curves for central Mongolia -for both Rayleigh and Love surface waves -are available from Lebedev et al. [2006] , who measured them as averages along a corridor between two stations of the Global Seismographic Network: Talaya (TLY) and Ulaanbaatar (ULN) (Figure 1) . The topography along a profile from TLY to ULN varies from 600 m to 2000 m with an average value of 1140 m and a standard deviation of 285 m (ETOPO2 Global Data Base (V9.1) Sandwell, 1994, 1997] [Khutorskoy and Yarmoluk, 1989; Lysak, 1984; Lysak and Dorofeeva, 2003] , disregarding local anomalies related to hydrothermal circulation [Poort and Klerkx, 2004] . The crust-mantle discontinuity is the major lithospheric boundary for density and seismic velocities and, therefore, constraining its depth is particularly important for the accurate modeling of topography and surface-wave dispersion curves. Seismic refraction and receiver function data can be used to constrain the P-wave velocity distribution in the crust and the crustal thickness. Moho depth in the central MongoliaLake Baikal region, according to these studies, is 41-50 km [e.g., Gao et al., 2004; Nielsen and Thybo, 2009; ten Brink and Taylor, 2002; Zorin et al., 2002] . P-wave velocity in the vicinity of Lake Baikal is 6.0-6.2 km/s, 6.5-6.7 km/s and 7.2- 3. Integrated Geophysical-Petrological Inversion [12] We set up a petro-physically driven grid-search inversion scheme based on the software package LitMod Fullea et al., 2009] . This software combines petrological and geophysical modeling of the lithosphere and sub-lithospheric upper mantle within an internally consistent thermodynamic-geophysical framework. In this study we assume that the lithospheric mantle is characterized: i) thermally, as the portion of the mantle defined by a conductive geotherm, and ii) compositionally, as the portion of the mantle characterized by a generally different (normally, more depleted) composition with respect to the fertile primary composition in the sub-lithosphere (i.e., PUM in Table 1 ).
3.1. The Inversion [13] We invert simultaneously the phase-velocity curves of fundamental-mode Rayleigh and Love waves and topography data for lithospheric structure. The model parameters are the Moho and LAB depths, the bulk composition of the lithospheric mantle, and the density and S-wave velocity profiles within the crust. Radiogenic heat production in the crust and mantle, and the thermal conductivity and V P in the crust are all fixed parameters.
[14] Fundamentally, the geotherm is the main common link between topography and surface-wave data, allowing us to couple the inversion of these data sets. The inversion is set up as a three-step, grid-search algorithm in which the forward problem (see section 3.2) is solved recurrently: i) first, the model space (given by the Moho and LAB depths, mantle composition and the density and S-wave velocity in the crust) is explored so as to find ranges of parameter values that minimize the misfit for Rayleigh and Love waves and topography data, assuming an initial radial anisotropy distribution (pre-computed in a purely seismic inversion of Love and Rayleigh dispersion curves); ii) second, keeping constant the density distributions and the Moho depth obtained in the previous step, the LevenbergMarquardt nonlinear gradient search is applied to invert the Rayleigh-and Love-wave dispersion data for an updated, optimal radial anisotropy profile (see section 4.3); iii) finally, model space around the best fitting ranges is explored as in the first step, now assuming the optimal radial anisotropy from the previous step. The special, iterative treatment of anisotropy is introduced in order to speed up the inversion.
The Forward Problem
[15] Our forward problem comprises two steps: i) determination of the distributions of temperature and density with depth; and ii) computation of Rayleigh-and Love-wave phase-velocity curves, topography. The geotherms are computed under the assumption of steady state heat transfer in the lithospheric mantle, using a P-T-dependent thermal conductivity Fullea et al., 2009] . In the crust, we assume constant, uniform values for the radiogenic heat production and thermal conductivity. Between the lithosphere and sublithospheric mantle we postulate a buffer layer with a variable thickness and a superadiabatic temperature gradient within it (i.e., heat transfer is controlled by conduction and convection [e.g., Fullea et al., 2009] ). The rationale for the buffer layer is to simulate the thermal effect of a rheologically active layer at the bottom of the upper thermal boundary layer in the convecting mantle [Solomatov and Moresi, 2000; Zaranek and Parmentier, 2004] . In the buffer zone, the temperature varies linearly from the value at the bottom of the lithosphere (T a = 1315 C in this study) to a temperature T buffer = 1400 C at the bottom of the buffer layer. For T ≥ 1315 C, convective heat transport processes in the mantle grow in importance relative to heat conduction [e.g., Zlotnik et al., 2008; Ballmer et al., 2011] . The thickness of the transition layer, Dz buffer , is allowed to vary, so as to maintain the balance between the (assumed) constant basal heat input at the bottom of the model (z bot = 400 km depth), internal heat generation, and surface heat release in the system (surface heat flow). This ensures consistency with the reference, mid-ocean ridge (MOR) adiabatic temperature profiles and mantle convection models [Solomatov and Moresi, 2000; Zaranek and Parmentier, 2004] . Below the buffer layer the adiabatic temperature gradient is computed according to:
where z L is the depth to the T a isotherm. T bot is the temperature at the bottom of the model (z bot = 400 km), normally assumed to be constant and equal to 1520 C. This estimate is based on high-pressure and high-temperature phase equilibrium experiments in the system (Mg, Fe) 2 SiO 4 [e.g., Frost, 2003; Frost and Dolejš, 2007; Katsura et al., 2004] , and is consistent with potential temperatures at MORs and the global average depth of the 410-km discontinuity [Afonso et al., 2008, and references therein] . However, the gradient of equation (1) is forced to be in the range 0.35-0.6 C/km. This condition is not satisfied in the case of very thick (>160 km) or thin (<60 km) lithospheres and in these cases T bot is allowed to vary so as to keep the thermal gradient within the range. This condition typically translates into maximum lateral temperature variations at 400 km depth of $120 C, in agreement with predictions from seismic observations regarding the topography of the 410-km discontinuity [e.g., Afonso et al., 2008; Chambers et al., 2005; Lebedev et al., 2003, and references therein] .
[16] In the mantle, stable mineral assemblages are computed according to a Gibbs free energy minimization strategy as described by Connolly [2005] . The composition of the mantle is defined in terms of its major-element composition in the NFCMAS system (Na 2 O-FeO-CaO-MgO-Al 2 O 3 -SiO 2 ). All the stable assemblages in this study are computed using a modified/augmented version of the Holland and Powell's [1998] thermodynamic database [Afonso and Zlotnik, 2011] . The compositions derived from xenolith analyses usually contain extra oxides (in small proportions), in addition to those of the six-oxide system (NFCMAS) assumed here (Table 1) . Before computing the Gibbs free energy minimization we recast the amounts of the six oxides for them to add to 100%, so as to use xenolithderived compositions consistently.
[17] The predicted surface elevation is calculated by integrating the crustal and mantle densities over a 400-km-thick column (400 km down from the surface), assuming local isostasy. Dynamic contributions to elevation from sub-lithospheric loads that could arise from convection currents are not explicitly considered in this work [Fullea et al., 2009] . Local isostasy is generally a reasonable first-order assumption, particularly if the area over which the average topography is being computed is large enough (Figure 1 ). The possible consequences of a dynamic component in the observed topography are briefly discussed in section 4. [18] Anelasticity effects are of primary importance in the inversion of seismic data, particularly at high temperatures [e.g., Cammarano et al., 2003; Goes et al., 2000; Afonso et al., 2010; Karato, 1993; Sobolev et al., 1996] . Radial anisotropy, i.e., the difference between the horizontally and vertically polarized shear speeds, also needs to be considered so as to isolate the relationship of seismic velocities to temperature and composition -of interest here -from the effects of anisotropic fabric on the velocities; in order to determine and remove the effect of radial anisotropy, both Rayleigh and Love dispersion curves have to be inverted simultaneously [e.g., Gung et al., 2003; Lebedev et al., 2006; Montagner, 2007] . We compute both anelasticity and radial anisotropy as corrections to the anharmonic and isotropic output velocities. Anelastic velocities are calculated from the highfrequency anharmonic velocities according to the expressions [e.g., Afonso et al., 2005; Karato, 1993; Minster and Anderson, 1981] :
where Q P = (9/4)Q S is assumed (this is equivalent to assuming an infinite quality factor for the bulk modulus, i.e., Q K À1 $0). V P0 and V S0 are the unrelaxed anharmonic velocities at a given temperature (T) and pressure (P) for a given bulk composition, A = 750 mm a s . We analyze the impact of assuming different values for these two parameters in section 4.4. The effects of melt or water content on seismic attenuation are not considered in this study.
[19] Radial anisotropy, R an , is defined as:
where V SV and V SH are velocities of the vertically and horizontally polarized, attenuated S waves, respectively, and Vs is the Voigt isotropic average. V P is assumed to be isotropic.
[20] The synthetic, phase-velocity curves for Rayleigh and Love waves are computed from the profiles of seismic velocities (i.e., attenuated V P and the vertically and horizontally polarized, attenuated V S, according to equations (2) and (3)), density and shear Q using a version of the MINEOS modes code (Masters, http://geodynamics.org/cig/software/ mineos). Below 410 km depth, the reference model AK135 is assumed for all the parameters [Kennett et al., 1995] . So as to minimize the impact of uncertainties in the Q profile on the accuracy of the V S -phase-velocity relationship, our seismic velocity profiles have a reference period of 50 s, a value approximately in the middle of the frequency range used in this study [Lebedev and van der Hilst, 2008; Liu et al., 1976] .
A Note on the Method: Assumptions and Limitations
[21] Four main methodological assumptions are made in this work: i) the thermal parameters in the crust (heat production and thermal conductivity) are fixed; ii) the temperature at the base of the thermal lithosphere (conductive domain) is fixed (T a = 1315 C); iii) the temperature distribution in the sub-lithospheric mantle is simply parameterized by a linear transition zone linking the base of the lithosphere to the adiabatic mantle; and iv) seismic attenuation, which modifies the relationship between temperature and Vs, is described by equation (2), assuming thermodynamic equilibrium. These assumptions allow us to define a simplified parameter space comprising the Moho and LAB depths, the density and Vs distributions in the crust, and the bulk composition in the lithospheric mantle characterized by its Mg#. This restricted parameter space is then sampled by means of a grid search. We do not attempt a full inversion for the mantle composition (e.g., wt% of the main oxides in the NCFMAS system). Instead, we restrict the compositional space to a single parameter reflecting the degree of depletion of the mantle (Mg#). We then explore the broad range of compositions given by the xenoliths carried by volcanic rocks in the study area and the surroundings (Table 1) . These simplifications enable us to solve the forward problem numerically with a high resolution (the vertical grid step in our computational domain is 500 m, which requires $800 nodes) and at a low computational cost.
[22] In many locations around the globe, these assumptions are likely to apply. Elsewhere, modeling with these assumptions could produce a first-order, reference structure that can be used in a further analysis, with the fixed parameters and relationships allowed to vary or targeting non-isostatic and nonsteady state effects.
Inversion for Baikal-Central
Mongolia's Lithospheric Structure 4.1. Fixed Parameters [23] We assume a four-layered crust characterized, in part, by fixed parameters given in Table 2 . V P in the crust is constrained independently by previous seismic refraction studies [Nielsen and Thybo, 2009] . The average measured thermal conductivity of the crystalline basement in Baikal and central Mongolia is about 2.5 W/m K, with the exception of the volumetrically low Cenozoic basalts for which the thermal conductivity is 1.5-1.7 W/m K [Lysak, 1995, and references therein] . The radiogenic heat production, as estimated from the abundances of U, Th and K, shows more scatter, and ranges from 0.5 to 2 mW/m 3 in the uppermost crust [Dorofeeva and Lysak, 1989; Lysak, 1995] . Since there are no direct measurements of heat production and thermal conductivity values at deeper levels, we assume standard values from the literature [Hasterok and Chapman, 2011; Jaupart and Mareschal, 2003; Rudnick and Fountain, 1995; Rudnick et al., 1998; Vilà et al., 2010] (Table 2 ). For the sub-lithospheric mantle, a standard primitive upper mantle composition (Mg# = 89.3) is assumed (Table 1) .
Results
[24] Figure 2 displays 6 selected models tested in the course of the inversion and their fit to the measured phase-velocity curves. We inverted the dispersion curves only in the period ranges that are most sensitive to the lithosphere. We thus disregarded the very-long-period portions of the phase-velocity curves measured by Lebedev et al. [2006] , sensitive to the lower half of the upper mantle (see auxiliary material). The models shown in Figure 2 include those with Moho depths in the upper and lower bounds of the best fitting range derived in our inversion (43 to 49 km below the mean sea level), LAB depths of 70, 80, 90 and 100 km and the lithospheric mantle composition characterized by Mg# = 89.7 (see Table 1 ). The grid step for the LAB depth in the search was 2.5 km. All the depths are relative to the mean sea level. The best fitting models with 43-km and 49-km deep Mohos have LABs at 80 and 90 km, respectively (black lines). "Warmer" (with a thinner lithosphere) and "colder" (thicker lithosphere) models, shown with red and blue lines, respectively, provide substantially worse fits to the measured phase-velocity curves, as shown by the higher corresponding RMS values (Figure 3) . [25] Our best fitting models were computed assuming a mantle potential temperature, T p , of 1340-1350 C. This value falls well within the expected range of values for ambient mantle, i.e., T p = 1280-1400 C, excluding mantle plumes or hot spots [Herzberg et al., 2007] . In Figure 4 we explore the effect of varying T p within the range 1280-1400 C for one of our preferred models, assuming a fixed temperature at the bottom of the model (T bot ). Given our parameterization, varying the temperature at the bottom of the buffer (i.e., T buffer , see section 3.2 and equation (1)) implies changing T p . The variations in T p have a large effect on long-period Rayleigh waves sensitive to the deep upper mantle (not our focus in this paper) but translate into only moderate changes in the best fitting LAB depths (AE5 km) (Figure 4) . We note that the model with the coldest sub-lithospheric mantle shown in Figure 4 (T p = 1280 C) is equivalent to a model without a superadiabatic buffer zone beneath the lithosphere, given our parameterization.
[26] Figure 5 illustrates the relationships between the modeled topography and surface heat flow, lithospheric and crustal thicknesses, mantle composition and the average crustal density. The predicted isostatic topography depends on the integrated density of the column, i.e., on the crustal density and the temperature and composition distribution within the mantle. Models that fit both the surface-wave data and topography require a relatively high average crustal density of 2960-2980 kg/m 3 (Table 3) . A change of 6 km in the Moho depth or of 10 km in the LAB depth results in a change in the calculated topography of up to 300 m, a value close to the standard deviation of the average measured topography along the TLY-ULN corridor (the standard deviation can be considered a conservative estimate of the uncertainty in the elevation data modeling (Figure 1) ). Therefore, such variations in the crustal and lithospheric thicknesses (i.e., 6 km and 10 km respectively) give rough estimates of the resolution of the Moho and LAB depths provided by the local isostasy modeling. Mantle composition has only a moderate effect on seismic velocities. In Figure 5 (bottom right) we show models with a Moho depth of 46 km that fit surface-wave data for a range of LAB depths and lithospheric mantle compositions from the fertile, sub-lithospheric composition to the highly depleted composition derived from xenoliths in the Siberian Craton (Table 1 ). The change in seismic velocities from the most fertile (slow) to the most depleted (fast) composition can be compensated by modifying the LAB depth (i.e., the corresponding kink in the geotherm) by only 4 km.
[27] Mantle composition has a much larger effect on the calculated topography through its effect on the lithospheric density. Models with compositions ranging from fertile sub-lithospheric (Mg# = 89.3) to moderately depleted (i.e., Dariganga xenoliths, Mg# = 90.2) fit the average topography of 1140 m within its standard deviation (i.e., <300 m). However, models with lithospheric composition given by the depleted Siberian Craton xenoliths (i.e., Mg# > 90.8, see Table 1 ) predict high topography values that are clearly out of the range (>1400 m).
[28] The local isostatic balance is the result of the trade-off between the effects of temperature (mantle density increasing with decreasing temperature) and composition (mantle density decreasing with increasing depletion). The lithospheric mantle is usually more depleted than the underlying sublithospheric mantle and, therefore, an increase in the LAB depth (i.e., the thickness of the conductive mantle domain) has a twofold effect: i) replacing fertile sub-lithospheric material by more depleted (less dense) lithospheric mantle, and ii) making the lithospheric mantle colder and, hence, denser. For fertile to moderately depleted lithospheric compositions, the effect of ii) is much stronger than that of i): the thicker the lithosphere, the higher the average lithospheric mantle density, and the lower the calculated topography ( Figure 6 ). Only for strongly depleted, cratonic compositions (Mg# > 92) and large lithospheric thicknesses, the competing effects of i) and ii) can cancel each other out (e.g., Mg# = 92.3 in Figure 6 ).
[29] The predicted surface heat flow is relatively insensitive to moderate crustal thickness variations (<1 mW/m 2 change between the 43-km and 49-km Moho-depth end-members models) but varies considerably with the lithospheric thickness. Our results indicate that LAB depths within a 70-100 km range would match the measured surface heat flow of 50-60 mW/m 2 ( Figure 5 ).
[30] Our models show a monotonic decrease in shear velocities from the Moho to the bottom of the lithosphere. This is in contrast with many published models that show a shear-velocity increase with depth in the uppermost mantle [e.g., Gaherty and Jordan, 1995; Fishwick and Reading, 2008; Lebedev et al., 2009] . A plausible explanation for such increase is the spinel-garnet phase transition in the mantle [Hales, 1969] . Beneath cratons, the transformation can shift to greater depths and spread over broad depth intervals, due to the relatively Cr-rich compositions (Cr/(Cr + Al) > 0.2) [Klemme, 2004; Lebedev et al., 2009] . In this study no seismic-velocity increase with depth is seen in the uppermost mantle, neither in the petro-physical models, nor in the purely seismic inversions (Section 4.5). Given that the thermodynamic database and solid solution models used in this study do not include Cr (section 3.2), the sp-gnt phase transition occurs at a specific depth due to its univariant nature (near the depth of the Moho in our case). The addition of small amounts of Cr (e.g., Table 1 ) would make the transition divariant but the sp-gnt stability field would still remain relatively narrow given the fertile lithospheric mantle composition in our preferred models (Mg# < 90.2) [Ayarza et al., 2010] . . The LAB depth is adjusted slightly in each case, so as to fit the surface-wave data (see legend in the bottom right corner of the frame). Red, black and green diamonds correspond to sub-lithospheric (fertile), Mongolian average and Dariganga (slightly depleted) compositions. Blue squares, circles and diamonds correspond to depleted Siberian Craton compositions (Table 1 ). The thick black horizontal lines show the average observed topography between TLY and ULN (Figure 1) , with the standard deviation shown by thin, dashed lines. The vertical lines show the best fitting model parameters (i.e., LAB depth and Mg#). The thickness of these layers is fixed in the inversions (see Table 2 ). b Mantle densities are calculated as a function of temperature, pressure and bulk composition see the text for further details. Mantle compositions 1 and 2 are shown in Table 1 .
Importance of Radial Anisotropy
[31] Surface-wave data require radial anisotropy of (V SH > V SV ) of a few percent in the crust and lithospheric mantle of central Mongolia; this is similar in magnitude to the radial anisotropy in globalaverage models [Dziewonski and Anderson, 1981] . In Figure 7 , we plot the anisotropy profiles associated with two of our best fitting models (solid and dotted black lines as in Figure 2 ) together with other anisotropy profiles (gray lines) that fit the data equally well. The profiles used for our modeling (black lines) are smooth and conservative (no oscillatory variations of anisotropy with depth), with maximum anisotropy in the lower crust and lithospheric mantle of around 3%.
[32] Anisotropy has a strong effect on the inversions for lithospheric structure. It has long been known that neglecting radial anisotropy can bias estimates of the lithospheric thickness [e.g., Gung et al., 2003] . Here, we perform a series of tests in order to evaluate the effect of anisotropy specifically on the lithospheric thickness given by our geophysical-petrological inversion. We find that, given radial anisotropy beneath central Mongolia (Figure 7) , the inversion of Rayleigh-wave data alone under the assumption of no anisotropy would result in a 10-15 km error in the LAB depth (see auxiliary material for further details).
Anelastic Attenuation
[33] Much of the attenuation observed in seismic waves is caused by the thermally activated viscoelastic relaxation of the mineral aggregates within the Earth. The importance of attenuation effects in inversions of seismic data for the thermal and compositional structure of the upper mantle is well known [e.g., Afonso et al., 2010; Cammarano and Romanowicz, 2008; Goes et al., 2000; Sobolev et al., 1996] . Our understanding of viscoelastic relaxation at seismic frequencies (10-10 À4 Hz) in upper mantle mineral aggregates or analogues, and the relation between attenuation and grain size, Figure 6 . Calculated topography as a function of the LAB depth for the mantle compositions listed in Table 1 . Red, black and green diamonds correspond to sub-lithospheric (fertile), Mongolian average (slightly depleted) and Dariganga (slightly depleted) compositions respectively. Blue squares, circles and diamonds correspond to depleted Siberian Craton compositions (Table 1 ). Figure 7 . Radial anisotropy profiles associated with our best fitting models (solid and dotted black lines in Figure 2 ) together with other anisotropy profiles (gray lines) that fit the surface-wave data. (Paired with appropriate isotropic shear-speed profiles, these anisotropy profiles, each computed in a nonlinear gradient-search inversion, produce synthetic Rayleigh and Love-wave dispersion curves that differ from each other by less than 0.2% at any period up to 250 s.) have improved considerably in recent years thanks to new laboratory studies [e.g., Jackson and Faul, 2010; McCarthy et al., 2011] . [34] In this work we compute pressure-and temperature-dependent shear wave quality factors, Qs, based on mineral physics relationships for dry and melt-free polycrystalline olivine (equation (2)). The main parameters in equation (2) [Durek and Ekström, 1996] , QR19 [Romanowicz, 1995] , QMU3b [Selby and Woodhouse, 2002] . FJ05 is based on the experimental results of Faul and Jackson [2005] [35] Grain size or activation volume at the lower bounds of the ranges (solid and dashed red lines in Figure 8 ) predict too low Qs and too low Vs values in the lower lithosphere and uppermost sublithospheric mantle; the large, negative phasevelocity residuals and the change of phase-velocitycurve slopes due to the high attenuation would be difficult to reconcile with the observed phase velocities. This indicates that the very low Qs values are unlikely to occur in the mantle beneath central Mongolia. Very large grain sizes and activation volumes, in contrast, decrease attenuation (solid and dashed blue lines in Figure 8 ) and translate into only moderately faster Vs than in our preferred model (green line in Figure 8 ), giving rise to relatively small, positive residuals in the synthetic phase velocities. These values could be reconciled with seismic data easily, through a small increase in temperature (decrease in thickness) of the lithosphere in the models.
Lithospheric Structure
[36] In Figure 9 (left) we compare the V S profiles of the "coldest" (blue) and "hottest" (red) of the best fitting models given by our geophysicalpetrological inversion with a range of profiles (gray) obtained by inverting seismic data only (inversions of phase velocities directly for V S profiles [e.g., Lebedev et al., 2006] ). Synthetic Love and Rayleigh phase velocities computed for the different gray profiles fit the data almost equally well, differing from each other by less than 0.2% at any period up to 250 s. The geophysical-petrological inversion strongly reduces the non-uniqueness of the lithospheric models that fit the phase-velocity data, largely through its implicit physical constraints on the Vs gradients within the lithospheric and sublithospheric mantle.
[37] The sub-lithospheric structure beneath central Mongolia shows moderate seismic-velocity anomalies with respect to global reference models, according to published seismic tomography [e.g., Koulakov and Bushenkova, 2010; Lebedev and van der Hilst, 2008] . Low-velocity anomalies localized beneath the Baikal Rift Zone have been interpreted as evidence for a thermal upwelling [e.g., Zhao et al., 2006] . A large-scale thermal upwelling, however, would result in an anomalously hot uppermost asthenosphere beneath central Mongolia, just south of Baikal. The consistency of seismic, topography, and surface heat flow data with the global-average sub-lithospheric geotherm (T p = 1340-1350 C), as shown by our inversions, does not indicate any [38] The 80-90 km LAB depth given by our best fitting models is consistent with the 80-100 km values across Mongolia on the LAB-depth map of Rychert and Shearer [2009] , derived from teleseismic receiver functions. Our models reproduce seismic velocities near the LAB in detail and show a structure (changes of slope in the V S and V P profiles at the LAB) that could give rise to detectable P-s and S-p conversions. Reconciling surface-wave and receiver-function data (future work) should yield new insight into the nature of the LAB.
[39] Xenolith data offer complementary constraints on the lithospheric paleogeotherm, seismic anisotropy and composition. Thermobarometry data from garnet-bearing xenolith suites from Tariat and Vitim regions (Figure 1 ) are also plotted in Figure 9 . Pressure-Temperature estimates were obtained by Ionov [2002] using the Ca-in-opx thermometer of Brey and Köhler [1990] combined with the barometer of Nickel and Green [1985] . Projections of the lowest temperatures derived from xenoliths in the spinel stability field in Tariat are also shown. The P, T estimates from xenoliths entrained in Miocene and Pleistocene volcanic rocks provide an independent benchmark and show a very good agreement with the present-day geotherms determined by our modeling. Optical studies of mantle xenoliths from Vitim made by Kern et al. [1996] suggest Pand S-wave anisotropy of 4.0-6.5%, qualitatively consistent with the amplitude of radial anisotropy constrained by surface-wave data (Figure 7) . The ratio of the P-and S-wave velocities, V P /V S , is highly sensitive to the mafic/felsic nature of the crust, and relatively insensitive to temperature variations [e.g., Christensen, 1996] . Together with density, V P / V S is a good proxy for the crustal composition. We can estimate a value of V P /V S = 1.82-1.83 and a density of 3160-3200 kg/m 3 for the lower crust in Central Mongolia, using our models for V S and density and published values for V P (Tables 2 and 3 and Figures 2 and 5 ). According to laboratory measurements, these values fall within the range characteristic of mafic garnet granulite rock type [Christensen, 1996] . This composition is also confirmed by some of the xenoliths erupted in Tariat (Figure 1 ), sampling the lower crust close to the Moho and exhibiting pyroxene and garnet granulite facies [Stosch et al., 1995] .
[40] The observed topography (1.2 km on average along the TLY-ULN corridor) can be fully accounted for by local isostasy, without any dynamic component due to a thermal upwelling. If a large scale mantle upwelling related to the Baikal Rift was present, causing positive dynamic topography, then the topography predicted by our models (assuming local isostasy) should be below the observed topography. According to our calculations, dynamic topography could be present if: i) the average crustal density was >2980 kg/m 3 , or ii) the LAB was deeper than around 100 km (i.e., the lithospheric mantle density was increased) (Figure 5 ). The first scenario implies an unrealistically dense crust, much denser than the mafic, already dense lower crust required by our data ( Figure 5 ) (a layer of mafic underplated cumulates or mafic granulites in the uppermost mantle has previously been proposed for the elevated Hangai Dome area (Tariat, see Figure 1 ), west of our corridor [Petit et al., 2002] .) In the second, the Mongolian lithosphere would be too cold, with predicted values for phase velocities too large (Figures 2  and 3) , and the calculated surface heat flow would be lower than the measured values ( Figure 5 ).
[41] Uncertainties in the mantle composition also cannot conceal any significant dynamic topography: replacing our preferred lithospheric composition (Mg# = 89.7) by that of the fertile sublithospheric mantle (Mg# = 89.3) would decrease the predicted topography by very little (<200 m), whereas more depleted lithospheric mantle would translate into higher surface elevation in isostatic equilibrium (even less consistent with any positive dynamic topography (Figure 5) ).
[42] The moderate thickness of the lithosphere (80-90 km thick) constrained by our inversions and the absence of a thermal anomaly in the uppermost sub-lithospheric mantle are consistent with the measured regional surface heat flow, moderate in comparison with that in other active rifting areas in the world, and are not indicative of any recent, active mantle upwelling. Mantle xenoliths do not show any evidence of recent melting or abnormal deformation within the lithospheric mantle down to 70 km depth, in agreement with the lithosphere being 80-90 km thick, as determined in this study. If there was any significant melt-metasomatism or heating of the lithospheric mantle, it could only occur at depths >70 km [Barry et al., 2003; Ionov, 2002] . The lithospheric and sub-lithospheric structure beneath central Mongolia does not indicate substantial thermal anomalies and is consistent with passive rifting in the Baikal Rift Zone, driven by far field tectonic forces [e.g., Molnar and Tapponnier, 5. Conclusions [43] Thanks to the recent progress in petrophysical modeling and in the accuracy of seismic measurements, subtle variations in surface-wave dispersion can now be related to fine-scale structure of the lithosphere. In this study we tested a proof-ofconcept inversion of fundamental-mode, Rayleighand Love-wave phase-velocity curves and topography for lithospheric temperature and composition. The grid-search inversion used a self-consistent thermodynamic framework, with all relevant mantle properties computed as a function of temperature, pressure and composition. Surface heat flow, seismic-refraction-derived crustal models, and xenolith data provided additional constraints and validation of the modeling. Models with conductive lithospheric geotherms, computed using a P-T-dependent thermal conductivity, are consistent with surfacewave data from central Mongolia. The assumption of a steady state geotherm in the lithospheric mantle should be sufficiently accurate to determine the lithospheric structure with useful accuracy in many locations; in other locations, it can provide meaningful reference models to investigate non steady state effects.
[44] Quantifying the inter-relationships and tradeoffs between the LAB depth, crustal thickness and density, topography, surface heat flow, and the depletion of the lithospheric mantle (expressed as Mg#), we show that surface-wave and topography data can constrain robust, high-resolution lithospheric models. Seismic attenuation must be modeled accurately; our results confirm that published ranges of the grain-size and activation-volume values, on which attenuation depends, are consistent with seismic data. Radial anisotropy also needs to be taken into account; neglecting anisotropy can result in errors in the LAB depth exceeding 10 km.
[45] The S-wave velocity mantle profiles derived from our petro-physical inversion are remarkably consistent in their basic shape with profiles that result from purely seismic inversions of surface-wave phase velocities. This consistency is significant because the forward problems and the set-ups and parameterizations of the two inversion schemes are fundamentally different; it validates our integrated inversion. The clear advantage of the petro-physical inversion is that it strongly reduces the non-uniqueness of the lithospheric models that result from seismic inversions (Figure 9 ), through the addition of complementary geophysical and petrological information. Another important advantage is that the density at depth can be constrained by the inversion if surface topography is included as data.
[46] Our results show that the depth of the LAB in Baikal-central Mongolia, defined as the bottom of the thermally conductive mantle layer, is 80-90 km. This is within the range of published receiver function results; importantly, our models also reveal a second-order discontinuity (jump in the radial wave speed derivative) at the ("thermal") LAB that can give rise to detectable P-s and S-p conversions. The crustal thickness is 44-50 km and the predicted surface heat flow is 53-55 mW/m 2 . Pressure and temperature estimates from mantle xenoliths in central Mongolia fit the geotherm defined by our preferred models, providing further validation of the method. The mid-lower crust in Central Mongolia, according to our inversion, is relatively dense (3160-3200 kg/m 3 ) and mafic in nature (mafic garnet granulite). This is consistent with lower-crust xenoliths data from Mongolia (Tariat).
[47] The average topography observed in central Mongolia can be fully explained by local isostasy. A substantial dynamic component in the topography, as would be required by a large scale mantle upwelling, can be ruled out by the surface-wave and heat flow data. The thermal structure of the lithosphere and asthenosphere constrained by our inversion does not show any evidence for abnormally high temperature (i.e., T p >1400 C) that could be associated with a presently active hot mantle plume and is consistent, instead, with a passive rifting process in the Baikal Rift Zone.
